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Abstract 
The country of Ethiopia is highly vulnerable to human-caused climate change and is already 
suffering from the effects. The predominately rural population relies heavily on small-scale 
agriculture, with 78% of households having at least one member engaged in the field, yet staple 
crops are highly susceptible to droughts and other weather shocks. Total and agricultural GDP 
growth in the country have been strongly linked to inter-annual rainfall variability, of which 
Ethiopia has among the highest in sub-Saharan Africa. A decrease in rainfall since the 1970s has 
been one of the primary causes of low crop yields, and stresses the immediate need for accessible 
water in the country. Groundwater is a resource that is primarily used for drinking water, but has 
high potential for larger-scale uses such as irrigation. This work presents the integrated 
groundwater footprint (iGF) index as a tool for sustainable use of aquifers to meet the demands 
of Ethiopia’s human and agricultural freshwater needs. The iGF is a visual map, based on 
hydrological data of the country, that assesses both the quantity and quality of groundwater 
available for utilization across the entirety of Ethiopia. The iGF accounts for the annual 
abstraction rate, recharge rate, the groundwater contribution to environmental stream flow, and 
potential contaminants. Most aquifers in Ethiopia were found to have a iGF/A less than or close 
to 1, indicating unstressed use. Notable exceptions are a very deep Mesozoic sediment aquifer 
(aquifer system 2) in the Somali and Oromia region and a deep volcanic aquifer (aquifer system 
9) in the Oromia, SNNPR, and Amhara regions. This work will contribute to the currently 
limited knowledge on groundwater resources in Ethiopia and will further the productive and 
sustainable use of aquifers in irrigation and policy practices. 
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Glossary 
abstraction rate The rate at which water is taken from a source. In this study, the 
source is considered to be groundwater aquifers. 
alluvio lacustrine 
aquifer 
An aquifer consisting of material deposited by water, typically 
occurring adjacent to lakes or rivers.  
aquifer A body of permeable rock which can contain or transmit 
groundwater. 
baseflow The portion of streamflow that is sustained between 
precipitation events (i.e. not runoff).  
basement aquifer An aquifer consisting of igneous and metamorphic rocks that 
underlies younger deposits.  
contaminant In this study, contaminant refers to a polluting or poisonous 
substance that affects water quality.  
environmental 
contribution to 
streamflow 
The quantity of groundwater that needs to be allocated to 
surface water flow to sustain ecosystem services (most 
important during low flow conditions).  
evapotranspiration The process by which water is transferred from the land to the 
atmosphere by evaporation from the soil and other surfaces and 
by transpiration from plants.  
fluoride A mineral that occurs naturally and is released from rocks into 
the soil, water, and air.  
fluorosis Discoloration, and in some cases, physical damage to teeth or 
bones caused by ingestion of excessive fluoride during enamel 
formation. 
geology The science of the Earth's physical structure and substance, its 
history, and the processes that act on it. 
global circulation model A type of climate model that simulates the general circulation of 
a planet’s atmosphere or ocean.  
groundwater Water held underground in soil pore spaces and in fractures of 
rock formations. 
groundwater footprint The area required to sustain groundwater use and 
groundwater-dependent ecosystem services for a region of 
interest. 
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hydraulic conductivity A measure of how easily water can pass through soil or rock. A 
higher value indicates a more permeable material.  
infiltration The process by which water on the ground surface enters the 
soil.  
integrated groundwater 
footprint 
The area required to sustain groundwater use and groundwater 
dependent ecosystems of a region of interest while accounting 
for water quality.  
irrigation The watering of land using human-made means (e.g. pipes, 
canals, sprinklers) rather than relying on rainfall alone. 
land surface model A key component of climate models that simulates the exchange 
of water and energy at the Earth’s surface-atmosphere interface. 
Mesozoic sediment 
aquifer 
An aquifer consisting of sedimentary rock formed during the 
Mesozoic era. 
methemoglobinemia A potentially fatal blood disorder caused by excessive ingestion 
of nitrate.  
nitrate A naturally occurring compound formed from oxygen and 
nitrogen. Sources of nitrate that pollute water include improper 
disposal of human or animal waste, poor well construction or 
location, and overuse of chemical fertilizers.  
permeability In this study, permeability refers to the quality of an aquifer that 
allows water to pass through it. 
precipitation Rain, snow, sleet or hail that falls to the ground. 
reanalysis A scientific method for developing a comprehensive record of 
how weather and climate are changing over time. 
recharge rate In this study, recharge rate refers to the rate at which surface 
water moves downward to become groundwater. 
salinity The concentration of dissolved salts in a medium (i.e. water in 
this paper). It takes into account all possible salt substances 
(ions, 
molecules, and particles)  
saturation The state at which no more of something (e.g. water) can be 
absorbed or added. 
shapefile A file format for storing the geometric location and attribute 
information of geographic features. 
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soil texture The composition of soil in terms of the amounts of small 
(clays), medium (silts), and large (sands) size particles.  
subsurface runoff Water that infiltrates the unsaturated zone and moves laterally 
through soil and rock towards streams. 
surface runoff Overland flow of excess water that cannot be absorbed by the 
ground as infiltration. 
total dissolved solids A measure of the combined total of organic and inorganic 
substances contained in a liquid. These solids are primarily 
minerals, salts and organic matter.  
volcanic aquifer An aquifer consisting of rock formed by volcanic activity at the 
Earth’s surface. They vary widely in properties.  
water balance A concept that can be used to describe the flow of water in and 
out of a system. 
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1. Introduction 
1.1. Motivation 
The Intergovernmental Panel on Climate Change (IPCC) concluded in their 1990 
assessment report that there was an undeniable connection between fossil fuel use and 
greenhouse gas emissions. Since then, the IPCC has warned that the poorest nations and people 
would be most heavily affected. Sub-Saharan Africa is responsible for less than 4% of the 
world’s emissions, yet the region’s systems have already been permanently altered by global 
warming (Fleshman 2007). The impacts of human-caused climate change on Ethiopia’s rainfall 
patterns are evident. Since the mid-1970s, spring (​“Belg”​) and summer (​“Kiremt”​) rains have 
declined by 15-20 percent in parts of Ethiopia (Funk et al. 2012). Nearly 80% of households in 
Ethiopia are partially or fully reliant on agriculture as a source of income (World Bank Poverty 
Assessment). The country’s economy is built on the agricultural sector, accounting for over 30% 
of its national gross domestic product (GDP) (World Bank Agriculture). Most of the country’s 
agriculture is rain-fed, meaning that the national GDP is highly reliant on the quantity and 
distribution of rainfall in crop areas (Gummadi et al. 2018). Compounding pressures from an 
increasing population, global warming, reduced rainfall, and deforestation have resulted in 
Ethiopia being a particularly drought-prone country. The country experienced its worst drought 
in over 50 years from 2015 to 2016, resulting in over 10.2 million people needing emergency 
food assistance (USAID 2020). In 2017, after consecutive seasons of below-average rainfall, 
livestock losses, and failed crops, drought conditions in southeastern Ethiopia intensified. This 
left an estimated 8.5 million people requiring humanitarian assistance (Lynch 2020). Urban 
water supply and rural irrigation that rely on traditional surface water reservoirs and dams have 
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become strained due to Ethiopia’s economic growth and rapid urbanization (Mengistu et al. 
2019). Due to these pressures, Ethiopia’s decision makers have begun to investigate the 
feasibility of groundwater resources to meet water demands, both for domestic use, as well as 
support the irrigation efforts.  
These aforementioned issues have challenged a country that is striving to achieve 
sustainable resilience from hydro-climatic disasters and water-food security through harnessing 
means of contemporary irrigation. However, Ethiopia contains a considerable amount of water 
resources amongst all the African countries, with an estimated surface water availability of 120 
billion m​3 ​(Haile and Kasa 2015; Kebede 2013) and an estimated 30 billion cubic meters in 
groundwater resources (Berhanu et al. 2014). These resources have the ability to buffer climate 
vulnerabilities and can provide an alternative means to the existing precipitation-dependent water 
use culture (Chebud and Melesse 2009). Groundwater in Ethiopia has historically been utilized 
through hand dug wells and springs for drinking water purposes, but lack of adequate knowledge 
on the availability and sustainable use of groundwater has constrained these initiatives (Haile and 
Kasa 2015). Growing concerns related to the lack of understanding on groundwater availability, 
and to what extent groundwater as a resource is being utilized at present to meet the demands, 
have provided substantial motivation in executing this research.  
1.1.1 PIRE Project Involvement 
The idea of the research presented in this thesis primarily unfolded during my 
involvement in the National Science Foundation (NSF) Water and Food Security PIRE Project. 
The Water and Food Security PIRE Project seeks to understand relationships between scientists, 
farmers, water managers, and authorities in producing and disseminating new scientific 
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knowledge, through effective collaboration between sociologists, engineers, and community 
members. The project has many aspects focusing on the human-climate-water-agriculture-energy 
nexus based development in the Upper Blue Nile basin of Ethiopia. My personal interests in 
sustainability, equitable community planning, and intersectional research aligned well with the 
PIRE Project objectives, making it an ideal support for my undergraduate thesis work.  
The NSF provided funding for eight undergraduates to experience a multi-week field visit 
to Ethiopia in June 2019. Our backgrounds included pharmacy, environmental sciences, and 
engineering. We were accompanied by graduate students and professors from UConn through 
our travels to Addis Ababa, Bahir Dar, and around the Blue Nile Basin region. This experience 
provided insights on the types of water governance structures and the hydrologic-agronomic 
relationship in Ethiopia, specifically in the Amhara region. A visit to the Quashni river from the 
Gaita woreda (located in the Dangishta Kebele), which is an open governance and irrigated 
community (Figure 1.a.), gave us an understanding of basic accommodations for crop irrigation 
and a first-hand look at the shallow hand dug wells used for drinking water. We were also able to 
observe a larger-scale irrigation project, shown in Figure 1.b. on the Koga river controlled by 
local water authorities. Cultural immersion, informal interviews, and observations during this 
field visit gave a greater understanding to the context of my research. Working alongside 
researchers from a diverse set of academic disciplines and backgrounds, particularly graduate 
students on the PIRE Project that are of Ethiopian heritage, has been an invaluable part of this 
thesis work.  
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a) b) 
Figure 1.1. a)​ Small-scale irrigation leading from the Kushni river. ​ b) ​Large-scale dam on the 
Koga river, controlled by the water authorities. Both projects are located in the Amhara region.  
1.2. Study Area 
The spatial domain of this study is the entirety of Ethiopia. As the tenth largest African 
country and the second most populated in the continent at 109.2 million people (World Bank 
Population), it is distinctive in its widely varying topography and climate. A majority of the 
population resides in rural areas. Ethiopia spans across 1.104 million square kilometers, of which 
8,000 square kilometers are lakes (Central Intelligence Agency). The largest lake in the country 
is Lake Tana, located directly above the city of Bahir Dar. Larger cities, such as Addis Ababa, 
Mekele, and Awassa, are primarily concentrated in the center of the country, as shown in Figure 
1.2. Cultivated crop area accounts for 13% of the country’s total area, a relatively small share 
due to most land not being suitable for production. Major rivers exist in each of the eleven 
administrative regions, shown in the hydrological map (Figure 1.3). Large lakes follow the 
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Central Rift Valley from southwestern to central Ethiopia. Shapefiles used to create Figure 1.3. 
are from the Regional Center for Mapping of Resources for Development (based in Kenya) and 
Harvard University.  
 
Figure 1.2. ​Administrative region map.  
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Figure 1.3. ​Hydrological map, using data from Regional Center for Mapping of Resources for 
Development and Harvard University.  
1.3. Objectives and Scopes 
The objective of this work is to provide a review of the quantity and quality of 
groundwater available on a country-wide scale using an index known as the integrated 
groundwater footprint (iGF), a measure of the area required to sustain groundwater use and 
groundwater dependent ecosystems of a region of interest by accounting for variables such as 
water quality, environmental streamflow, abstraction rate, and recharge rate. To accomplish this 
objective, the following scopes of work were conducted: 
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● Study and review of literature related to Ethiopia’s hydrological features, 
groundwater resources, water contamination, GF and iGF  
● Classification of major aquifer systems and their relative permeabilities  
● Processing and data modification of VIC model variables for the study period of 
2006 - 2016 
● Produce map of major contaminants of groundwater and identify areas of concern  
● Development of GF and iGF maps for the entirety of Ethiopia through literature 
review, verification, and global model analysis 
● Analyze the sustainability of exploiting groundwater for water usage needs  
1.4. Structure of Thesis Report  
The thesis report is composed of six chapters. The present chapter (chapter 1) outlines the 
project motivations, notable features of the study area, and the objectives of research. Chapter 2 
provides an overview of relevant literature on Ethiopia’s hydrological resources, contaminants in 
the groundwater, the GF and the iGF. Chapter 3 discusses the methodological approach in 
addressing the research objectives, which include mathematical frameworks, determining 
variables relevant to the iGF, data processing techniques, and models and softwares used. 
Chapter 4 presents iGF results in tabular and visual forms, determination of aquifers, and 
verification of the models used. Chapter 5 discusses the findings of this work, potential 
applications, and limitations of the research. The thesis closes in chapter 6 with conclusions and 
recommendations for future work.  
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2. Literature Review 
2.1. Ethiopia’s Water Bodies, Geology and Groundwater Resources 
Ethiopia resides in the northeastern part of Africa, where it’s characterized by subtropical 
cool highlands. The Ethiopian Rift Valley, a branch of the East African Rift, divides the country 
into the Western and Eastern highlands. These highlands are densely populated due to fertile 
volcanic soil allowing farming communities to thrive. However, there has been significant soil 
deterioration due to poor farming practices and overgrazing (Mengistu et al 2019). A series of 
lakes in the Rift, known as the Ethiopian Rift Valley lakes constitute some of the world’s oldest 
lakes. The country’s largest lake resides up north in the Amhara region and is known as Lake 
Tana. It serves as the source of the Blue Nile, one of the two main tributaries of the Nile river. 
Ethiopia is home to the Danakil Depression, one of the driest, hottest and lowest locations on the 
planet and located in the northeastern region of the country. Towards the eastern horn of Ethiopia 
lies the Ogaden desert, a sparsely populated plateau. These semi-desert areas are highly 
drought-prone and struggle with a water supply that can support the livestock and grasslands that 
nomadic tribes subsist on.  
There are four major categories of aquifers (i.e. a body of permeable rock which can 
contain or transmit groundwater) in Ethiopia: volcanic, sedimentary, basement, and alluvio 
lacustrine. Volcanic aquifers, which cover most of central Ethiopia, store water in fractures and 
joints in an often unpredictable pattern. Sedimentary rocks covering the eastern part of the 
country occur due to erosion of volcanic caps or where volcanic rocks didn’t initially exist. 
Basement rocks, whose productivity depends on the type of metamorphic rock it’s created from, 
occupy peripheral lowlands where rainfall is generally low. Alluvio lacustrine sediments are 
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found in regions of the Rift Valley and local depressions. The water table is generally very 
shallow in these aquifers (Kebede 2013). As shown in Figure 2.1, these aquifer types are 
intertwined throughout the country.  
 
Figure 2.1. ​ Aquifer types and water table depths in Ethiopia (Kebede 2013). 
2.1.1. Estimating Recharge Rate 
Recharge rate is an important measure in determining the sustainable use of groundwater. 
It dictates the maximum amount of groundwater that can be taken from an aquifer before 
permanent depletion. Figure 2.2 depicts the mean annual groundwater recharge rate, ranging 
from 0 mm/year to around 400 mm/year, estimated from the base flow separation method of 
major rivers (Kebede 2013). This method separates baseflow, assumed to be equal to recharge 
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rate, from direct runoff. A major limitation of this approach is that it does not account for other 
recharge mechanisms such as localized or indirect recharge. Over 75% of aquifers in Ethiopia 
receive recharge from non-direct runoff. This particular study lacks spatial accuracy as well, 
since large ranges of possible recharge rates are given instead of more specific values.  
 
Figure 2.2.​ Groundwater recharge rate in Ethiopia determined from baseflow separation method 
(Kebede 2013).  
2.2. LSMs for Africa  
Multiple models exist on water resources reanalysis in Ethiopia, each with strengths and 
limitations. This section will provide an overview of three land surface models (LSMs) capable 
of modelling the study area. The Joint U.K. Land Environment Simulator (JULES) is a 
community LSM originally developed by the UK’s Met Office (i.e. the national weather service) 
for applications to weather forecasting and global system modelling (Koukoula et al. 2020). 
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JULES is designed as a flexible modular structure with connections between modules (e.g. soil 
carbon, surface hydrology) representing physical processes (e.g. runoff, infiltration) that connect 
these areas (Best et al. 2011). Three guiding themes (technical design of the modelling system, 
validation and calibration of model, and setting configurations of the modelling system that are 
suitable for climate impact studies) impact each module.  
ORCHIDEE (Organising Carbon and Hydrology In Dynamic Ecosystems) is a global 
vegetation LSM that simulates the principal processes of the continental biosphere that 
influences the global carbon cycle and energy exchanges (Krinner et al. 2005). The main 
processes simulated in ORCHIDEE are water balance, energy balance, biogeochemical processes 
and anthropogenic processes. The model calculates fluxes from environmental driver inputs such 
as air temperature, solar radiation, and precipitation (Hor 2018).  
The Famine Early Warning Systems Network Land Data Assimilation System (FLDAS) 
from NASA is routinely used to estimate hydro-climate states and fluxes over semi-arid regions 
of Africa. The variable infiltration capacity (VIC) model is a LSM developed by the University 
of Washington that is used by the FLDAS in energy and water balance applications to accurately 
capture the hydrology of different systems (McNally et al. 2017). It was developed for coupled 
LSM-GCM simulations and originally determined as a two-layer soil-vegetation model (Liang et 
al. 1994). The land surface is modelled as a grid of large (>1km), uniform cells that are simulated 
independently of each other.  
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2.3. Major Contaminants of Groundwater 
Ethiopia faces a deterioration of water quality due to factors such as population growth, 
industrialization, and other economic activity. The major groundwater quality issues the country 
faces are high fluoride concentrations, high groundwater salinity, and high microbiological and 
nitrate concentrations. These contaminants and their respective limits based on the World Health 
Organization (WHO) guidelines for drinking water quality are summarized in Table 2.1. 
Table 2.1. ​Main contamination factors. 
Parameter WHO maximum guideline value Contaminated regions 
Fluoride 1.5 mg/L Afar region, Central Rift Valley, Oromia region 
Nitrate 50 mg/L Addis Ababa, Dire Dawa 
Total Dissolved 
Solids 1000 mg/L 
Central Rift Valley, Somali region, 
Afar region, Wabe Shebelle area 
 
2.3.1. High fluoride concentrations 
Fluoride is a major problem in the Central Rift Valley areas, where an estimated 8 million 
people are exposed to unacceptable levels that place them at risk for dental and skeletal fluorosis 
(Rango et al. 2012). The World Health Organization (WHO) provides a guideline of no more 
than 1.5 mg/L for safe consumption (World Health Organization Fluoride). There are reports of 
up to 60 mg/L in groundwaters from deep geothermal wells, and in the range of 3.5 to 20 mg/L 
in wells with temperatures of 35 degrees Celsius or higher (Smedley 2001). The main causes for 
high fluoride concentration include the addition of fluoride by active volcanic activity, 
interaction of water with volcanic ash and volcanic sedimentary rocks, low calcium 
concentrations which restrict the precipitation of fluoride into fluorite (Mengistu et al. 2019). 
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Fluoride mitigation is especially challenging due to the high cost and low effectiveness of 
defluoridation methods, as well as poor knowledge on fluoride deposits within aquifer systems. 
A spatial distribution from Mengistu et al. (2019) is shown in Figure 2.3. This figure is adapted 
from work done by Research-inspired Policy and Practice Learning in Ethiopia and the Nile 
Region (RiPPLE), a research program that was funded by the UK’s Department for International 
Development from 2006 to 2011. Data was collected in collaboration with local government, 
NGOs and community partners throughout Ethiopia ​ ​(MacDonald et al. 2009). Fluoride is found 
to exceed the WHO guideline most notably in the Central Rift Valley area. Other areas with high 
concentrations include the Afar region in the northeast, and the eastern end of the Oromia region. 
The study did not take measurements in the Somali region located in the horn of Ethiopia.  
 
Figure 2.3.​ Fluoride concentrations across Ethiopia (Mengistu et al. 2019).  
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2.3.2. High salinity values 
Salinity, a measure of the concentration of dissolved salts in water, is another major issue 
in the country. Although there is no data on health effects associated with consuming total 
dissolved solids (TDS), high salinity does impact the palatability of the water, inhibit plant 
growth, and can result in excessive scaling in pipes and household appliances (World Health 
Organization TDS). Groundwater containing less than 1000 mg/L is generally acceptable to 
consumers according to WHO, and values over 2000 mg/L should be consumed with severe 
restriction (Abrol et al. 1988). Soil salinity can be treated, but it is extremely time consuming and 
expensive. Irrigation of saline water leads to further degradation of soil and farmable land. The 
highest levels of TDS are in the Afar, Somali and Wabe Shebelle regions, with values ranging 
from 1500 to 3000 mg/L (Ayenew et al. 2012). High salinity in some parts of the Rift Valley is a 
result of saline geothermal waters and influx of saline lake water into the groundwater (Smedley 
2001).  
2.3.3. High microbiological and nitrate contamination  
Large urban centers in Ethiopia face high nitrate concentrations and fecal contamination 
from pit latrines (Gaye and Tindimugaya 2019). Shallow groundwater is often contaminated due 
to pit latrines being installed closer to existing water infrastructure than the WHO guideline of 30 
meters (Mengistu et al. 2019) or from leaking effluent from septic tanks (Smedley 2001)​ ​. 
Nitrate values across Ethiopia are generally lower than 10 mg/L, but values over 700 mg/L have 
been reported (highest being in Addis Ababa) (Ayenew et al. 2012). An assessment of 769 
samples subdivided by regional states from 1995 to 2004 found that although overall compliance 
was high at 97%, certain urban areas such as Dire Dawa had nitrate concentrations of up to 208 
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mg/L (Tadesse et al. 2010). Values of nitrate over 50 mg/L pose a risk for methemoglobinemia 
in infants (World Health Organization Nitrate), a potentially fatal blood disorder in which an 
abnormal amount of methemoglobin is produced. The presence of microbial contamination can 
increase the risk for vulnerable groups to methemoglobinemia. Microbiological contamination is 
coincident with the locations of major cities and higher population density. However, a larger 
percentage of rural dwellers do not have access to sanitation facilities in comparison to urban 
dwellers (37% vs. 8%, respectively) and may have higher contamination rates in their water 
(Central Statistical Agency 2017).  
2.4. Overview of Groundwater Footprint and Integrated Groundwater Footprint  
The groundwater footprint (GF) was a concept first introduced by Gleeson et al. (2012), 
defined as the area required to sustain groundwater use and groundwater dependent ecosystems 
of a region of interest. It is the first tool to evaluate the use, renewal and ecosystem dependencies 
of groundwater. More formally, the defining equation is:  
F  A )G =  * ( CR−E (Equation 1) 
The variables C, R, E, and A are defined respectively as the area-averaged annual abstraction of 
groundwater, the recharge rate, the groundwater contribution to environmental streamflow, and 
the areal extent of any region of interest where C, R, and E are defined. The GF is essentially a 
water balance between aquifer inflows (R) and outflows (C, E) (Gleeson et al. 2012). When 
GF/A > 1, the index indicates that groundwater is being consumed unsustainably and could 
affect long-term groundwater availability and groundwater-dependent systems. The global 
groundwater footprint is 3 to 4 times the actual area of active aquifers and is dominated by a 
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small group of countries including India, Pakistan, Saudi Arabia and Mexico, whose footprints 
are over 20 times the size of their aquifer area (Gleeson et al. 2012). However, 80 percent of 
global aquifers have GF/A < 1 which suggests that most groundwater aquifers are not under 
stress.  
 Kourgialas et al. (2018) established the integrated groundwater footprint (iGF), which 
incorporates water quality into the GF through the following equation:  
GF  F (1 [(CF ) CF ) .. CF ) ])i = G + n 1 A
A1 + ( 2 A
A2 + . + ( n A
An (Equation 2) 
CF​(1-n)​ ​is the contamination factor for contaminant j where j = 1,...,n for the specified aquifer. If 
the value of contaminant j exceeds the WHO guideline concentration for that contaminant is 
drinking water, CF​j​ is considered to equal 1 (active), otherwise it is equal to 0 (inactive). The 
variables n, A​(1-n)​, and A are defined respectively as the number of contaminants in the system, 
the area for which contaminant j is considered active, and the area of the aquifer of interest.  
2.4.1. Estimating Recharge Rate 
Estimating groundwater recharge rate is one of the most difficult exercises in 
hydrogeology. There are multiple approaches, including water-budget methods, modelling 
methods, physical methods, and chemical tracer methods. This overview will focus on modelling 
methods.  A widely used approach that assumes recharge is equal to some fraction, ​a, ​of annual 
precipitation, ​P​, is outlined in Healy and Scanlon (2010):  
P  R = a (Equation 3) 
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Reported fractions range from about 0.02 to over 0.5. A modification to this form was proposed 
by Maxey and Eakin (1949) for estimating total recharge in valleys in Nevada, where there is 
large variation between mountains and valleys:  
.03P 1 .07P 2 .15P 3 .25P 4  R = 0 + 0 + 0 + 0 (Equation 4)  
P1, P2, P3, and P4 are ranges of precipitation. This method has been extensively used in Nevada 
over the years. Another recharge estimation method given in Healy and Scanlon (2010) is a 
linear regression technique, generally taking the form:  
X X  R = a 1 + b 2 + c (Equation 5) 
Coefficients ​a​, ​b​, and ​c ​are determined by regression analysis, and X​1​ and X​2​ are independent 
parameters that reflect watershed characteristics such as soil texture, permeability, vegetation, or 
geology.  
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3. Methods 
The GF and iGF for Ethiopia was calculated by Equation 1 from Gleeson et al (2012) and 
Equation 2 from Kourgialas et al (2018). The variables of interest (A, C, R, E) were derived from 
extensive literature review and outputs from the FLDAS VIC model. MATLAB, a programming 
language and numerical computing environment developed by MathWorks, was used for data 
processing. ArcMap, a map-making application by ESRI that specializes in analyzing spatial 
data, was used for data visualization.  
3.1. Aquifer Classification  
Kebede (2013) distinguishes ten types of aquifers varying in composition, depth and size, 
resulting in over fifty aquifers throughout the country. Figure 2.1 from Kebede (2013) was 
generalized to differentiate eleven major aquifer systems in the country. All GF and iGF values 
were derived on a by-aquifer basis. 
3.2. Processing VIC Model Outputs 
Inputs to the FLDAS VIC model are given as time series of sub-daily meteorological 
drivers and the land-atmosphere-water-energy fluxes are simulated at the daily or sub-daily time 
step (University of Washington 2016). Input variables include precipitation, air temperature, 
wind speed, radiation, and atmospheric pressure. The precipitation forcing used is the Climate 
Hazards Group Infrared Precipitation with Station (CHIRPS) dataset (McNally et al. 2017). 
Other meteorological forcing variables are based on NASA’s Modern-Era Retrospective 
Analysis for Research and Applications, version 2 (MERRA-2) product (Bosilovich et al. 2015). 
Processes modelled by VIC computes energy and water balance terms for vegetation classes, 
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orographic effects on precipitation and snowfall, and simulates evapotranspiration. Output water 
balance flux variables from the VIC model include baseflow, net evaporation, rainfall, snow 
melt, surface runoff, and net transpiration.  
The variables of interest for this work from the FLDAS VIC model include: precipitation, 
surface runoff, subsurface runoff and evapotranspiration (ET). These variables were cropped to 
the extent of Ethiopia from the continental data set. VIC uses a simple linear method to 
determine the percentage of liquid or solid precipitation. ET is modelled through the 
physically-based Penman Monteith approach, which separates ET into three components for each 
elevation band and vegetation type: wet canopy evaporation, dry canopy evaporation, and bare 
soil surface evaporation (Markert 2017). Surface runoff is calculated from the variable 
infiltration curve, shown in Figure 3.1, which scales maximum infiltration with a nonlinear 
function of fractional saturated area. Subsurface flow (baseflow) is estimated from the Arno 
baseflow model and is determined as a function of soil moisture in the lowest layer. The 
relationship between baseflow and soil moisture is linear at low soil moisture content and 
nonlinear at high soil moisture content, as seen in the baseflow curve in Figure 3.1. 
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 Figure 3.1.​ Overview of VIC model framework and processes (University of Washington 2016).  
3.3. Details on the Groundwater Footprint variables 
3.3.1. Determining Recharge Rate (R) 
Recharge rate was initially calculated by conducting a water budget balance on data from 
the FLDAS VIC variables using the variables precipitation, surface runoff, subsurface runoff, 
evapotranspiration and soil moisture content. However, this was unsuccessful because the model 
does not account for recharge in its water balance. The next approach used Equation 3 was used 
to compare precipitation data from the VIC model to Figure 2.2 from Kebede (2013) which 
depicts four main ranges of annual recharge across Ethiopia based on water basins. There was an 
inconsistent linear relationship between precipitation and recharge rate. A new equation was 
proposed based on Equation 6 from Healy and Scanlon (2010):  
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K(Θ)  R = a (Equation 6) 
A linear relationship was established between recharge rate and , permeability of the soil.(Θ)  K  
The recharge values from Kebede (2013) were taken as R. Permeability was determined by 
calculating the hydraulic conductivity (K) of each aquifer type using the following equations:  
(Θ) Θ  K = Ks n (Equation 7) 
        θ )/(θ )  Θ = ( − θr s − θr                (Equation 8) 
The variables , , , and represent effective saturation, water content, saturatedΘ θ Ks θr θs  
hydraulic conductivity, residual water content, and saturated water content, respectively. Table 
6.2 from Healy and Scanlon (2010), as shown in Figure 3.2, was used to determine values for 
saturated hydraulic conductivity, residual water content, and saturated water content. Water 
content was approximated as the average value between residual and saturated water content.  
A soil map of Ethiopia from the European Commission Joint Research Centre was used 
to decide the representative soil texture of each aquifer type. Recharge variability was considered 
to be influenced heavily by top soil variability due to a relatively shallow water table. The 
hydraulic conductivities of soil textures within each recharge region given in Kebede (2013) 
were normalized and used to redistribute the volume of available recharge based on permeability 
of the soil texture. Through this method, the recharge from Kebede (2013) was distributed with 
higher spatial variation in accordance with the permeability and geology of each aquifer. 
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 Figure 3.2. ​Hydraulic properties of generic sediments, taken from Healy and Scanlon (2010).  
3.3.2. Determining Abstraction Rate (C) 
The area-averaged annual abstraction rate (R) is determined by assigning a per capita 
usage of groundwater by aquifer, since actual groundwater abstraction is often poorly known 
(Gleeson et al. 2012). Spatially distributed population data based on 2015 estimates from the UN 
was used to classify the number of people in each aquifer. These values were scaled to match 
2015 population numbers from the World Bank Group. The consumption of water in Addis 
Ababa is 15 to 30 liters per capita per day (lpcd) accounting for no water losses, with less than 
5% of the city using quantities of 80 to 100 lcpd (World Bank Urban Water 2012; Sharma and 
Bereket 2008). In four secondary cities in Ethiopia (Hawassa, Jimma, Gondor, and Mekele) with 
average populations of 200,000 people, water consumption is an average of 20 lpcd (World Bank 
Urban Water 2012). The use of water in rural areas is 15 lpcd, with even lower consumption in 
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the drier season (University of Oxford 2015). A categorization for different population densities 
was created, as shown in Table 3.1.  
Table 3.1. ​Liters per capita per day (lpcd) consumption of water based on population density. 
Population Density lpcd 
Low (primarily rural) 15 
Medium (mix of rural and urban) 25 
High (primarily urban) 35 
 
The percentage of water consumption that is derived from groundwater is estimated at 75% 
(British Geological Survey 2020; IAEA 2013). Based on these parameters, abstraction rate was 
determined on a mm/year basis.  
3.3.3. Determining Environmental Contribution to Streamflow (E) 
Environmental contribution to streamflow (E) is defined as the quantity of groundwater 
that needs to be allocated to surface water flow to sustain ecosystem services, which is crucial in 
low flow conditions (Gleeson et al. 2012). This is essentially baseflow. Subsurface runoff in the 
FLDAS VIC model is equal to baseflow (Liang et al. 1994), so this variable was averaged over a 
ten year period from 2006 to 2016 and spatially distributed by aquifer.  
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3.3.4. Determining Area (A) 
Based on U.S. Central Intelligence Agency reports on Ethiopia’s land mass, the area (A) 
of each aquifer was determined by the aquifer shapefile in ArcMap and the total area of the 
country. 
3.4. Integrated Groundwater Footprint contamination factors 
A literature review of contaminants determined the locations of notable concentrations of 
nitrate, fluoride, and total dissolved solids, as summarized in Table 2.1. The regions of 
contamination were translated into a visual representation, and area of contamination in each 
aquifer was determined in ArcMap. The iGF was calculated in accordance with Equation 2. 
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4. Results 
4.1. Aquifers for iGF Assessment 
Eleven primary aquifers were distinguished from Figure 2.1. The geological classification 
of each aquifer is shown in Table 4.1 and visualized in Figure 4.1. The hydraulic conductivity of 
each geological type was derived and is listed in Table 4.2. Very deep and deep Mesozoic 
sediment aquifers lie at the eastern horn of the country with one of the lowest aquifer 
permeability rates. The eastern, southern, and western edges house shallow and very shallow 
alluvio lacustrine aquifers that have similar permeabilities to Mesozoic sediment aquifers. Very 
shallow basement aquifers occur on the western portion and central southern region, with 
shallow basement aquifers. Very deep volcanic aquifers spread across the majority of central 
Ethiopia, with deep and shallow volcanic aquifers in the northern regions, with the highest 
permeabilities of all aquifer types. 
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Table 4.1.​ Aquifer types. 
Aquifer Type 
1 Deep Mesozoic Sediment 
2 Very Deep Mesozoic Sediment 
3 Very Shallow Alluvio Lacustrine 
4 Very Shallow Basement 
5 Shallow Alluvio Lacustrine 
6 Shallow Volcanic 
7 Shallow Basement 
8 Very Deep Volcanic 
9 Deep Volcanic 
10 Very Shallow Basement 
11 Shallow Alluvio Lacustrine 
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Figure 4.1​. Aquifer classifications by geology and by numerical categorization.  
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Table 4.2.​ Hydraulic conductivities for different aquifer types. 
Aquifer Type Soil Texture Classification Hydraulic Conductivity (m/d) 
Mesozoic Sediment silty clay loam 0.0086 
Basement sandy clay loam 0.0128 
Volcanic clay loam 0.0242 
Alluvio Lacustrine silty clay 0.0086 
 
The depth of the GW table in the Upper Blue Nile Basin region is analyzed using data from two 
coarse resolutions (0.25​o​) NASA LSMs. The NASA LSMs are regional applications of global 
models developed as part of the Forecasting for Africa and the Middle East (FAME) project . 1
The monthly GW table variabilities are shown in Figure 4.2. The two models, the Noah Multi 
Parameterization (Noah-MP) Land Surface Model and the Catchment Land Surface Model 
(CLSM), demonstrate a GW table that varies between 2 and 5 meters deep throughout the year. 
This relatively shallow GW depth allows us to conclude that top soil texture can be used to infer 
permeability.  
 
1 ​FAME was carried out within NASA funded program “Predicting Middle Eastern and African 
Seasonal Water Deficits using NASA Data and Models” 
(https://appliedsciences.nasa.gov/content/13-water13-0010) 
40 
 
 Figure 4.2​. Groundwater table depth variability in the Upper Blue Nile Basin, captured by 
NASA regional models. 
4.2. Water Budget Components from VIC model 
Figure 4.5 displays multi-year trends in the four VIC variables of interest for the study 
period. Rainfall and evapotranspiration consistently exceed runoff quantities. Intra-annual 
changes are observed through peaks in precipitation in the early to middle portion of the year 
(February - May, ​Belg​), the summer (June - September, ​Kiremt​), and the end of the year 
(October–December, ​Deyr​). Since 2006, Deyr rainfall has decreased from a seasonal average of 
120 mm/month to 30 mm/month. Annual precipitation peaks over the ten-year period range from 
nearly 130 mm/month in Belg rainfall of 2013, to under 40 mm/month in Deyr rainfall of 2016. 
The decrease in precipitation over the ten year period, particularly for the Kiremt and Deyr 
seasons, demonstrates the effect of climate change on rainfall patterns. Table 4.3 provides a 
summary of these variables by aquifer type. Figure 4.4 illustrates the spatial distribution of 
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averaged variables for the study period. The western tip of Ethiopia is found to have the highest 
average precipitation, ET, and runoff quantities while the southern portion of the country reports 
the lowest.  
 
Figure 4.3. ​Variability of rainfall, surface runoff, subsurface runoff, and evapotranspiration from 
the study period of 2006 to 2016, captured by the FLDAS VIC model.  
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Table 4.3.​ Summary of variables from VIC model on by-aquifer basis. 
Aquifer 
Precipitation 
(mm/year) 
ET 
(mm/year) 
Surface Runoff 
(mm/year) 
Subsurface Runoff 
(mm/year) 
1 202.83 195.83 2.58 4.72 
2 180.51 172.36 1.66 6.35 
3 116.51 104.72 2.86 8.66 
4 220.71 207.40 6.84 6.19 
5 356.18 311.72 9.77 34.62 
6 611.14 553.72 24.29 33.77 
7 619.96 539.19 24.34 52.07 
8 431.71 375.29 29.57 20.80 
9 671.50 620.44 26.94 24.07 
10 946.76 879.88 36.14 29.16 
11 1,480.49 1,284.07 109.05 87.92 
spatial average 491.59 448.76 17.06 25.32 
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Figure 4.4. ​Annual average values (mm/year) for a time period of 2006 - 2010 of (a) 
precipitation (b) evapotranspiration (c) subsurface runoff (d) surface runoff from the VIC model.  
4.3. Groundwater Footprint  
Table 4.4 summaries population data, area, abstraction rate, and recharge values by 
aquifer type. Aquifer 9 is noted to have the largest area and highest population density. Aquifers 
1, 6 and 11 report very low population densities and abstraction rates. Recharge is highest in 
aquifers 10 and 11, both in the western region of the country.  The highest precipitation values in 
the country occur in this area as well, as seen in Figure 4.4. The lowest recharge rates are 
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observed in aquifers 1 and 2, in the eastern horn of Ethiopia, where precipitation and other 
hydrological variables of interest tend to be low as well.  
Table 4.4. ​Summary of variables determined from mapping and hand calculations.  
 
Aquifer Population 
Area 
(sq km) 
Pop. Density 
(pp/sq km) 
Abstraction Rate 
(mm/year) 
Recharge 
(mm/year) 
1 1,282,071 92,641 13.8 5.68 15.81 
2 9,903,526 256,415 38.6 15.86 17.84 
3 488,458 22,075 22.1 9.09 135.00 
4 1,894,138 32,144 58.9 24.20 188.91 
5 2,752,611 68,563 40.1 16.49 66.02 
6 330,357 41,662 7.9 3.26 99.46 
7 5,154,092 43,815 117.6 80.51 147.88 
8 7,175,121 75,008 95.7 65.47 128.95 
9 66,279,176 345,119 192.0 184.01 138.82 
10 5,379,261 103,101 52.2 35.71 249.42 
11 195,668 15,702 12.5 5.12 260.29 
sum 100,834,478 1,096,244     
 
The groundwater footprint was calculated using Equation 1. A normalized index, GF/A, is used 
to determine if an aquifer is experiencing depletion at a higher rate than recharge. Table 4.5 
indicates that most aquifers in Ethiopia are under relatively low stress because the majority of 
GF/A values are less than 1. Aquifers 2 and 9 are the notable exceptions, as noted in Figure 4.5. 
The unsustainable use of aquifer 9 can be explained by a very high abstraction rate coupled with 
a lower recharge rate. Aquifer 2 is the second largest in the country, and although the abstraction 
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rate is quite low, recharge is extremely low as well. Baseflow is nearly half the amount of 
recharge rate, which results in a GF/A value exceeding 1. Aquifer 11, the aquifer with the least 
amount of stress, has the largest discrepancy between recharge rate (highest in the country) and 
abstraction rate (second lowest in the country). Other notably low GF/A values are found in 
aquifers 3 and 6.  
Table 4.5.​ Calculation groundwater footprint and GF/A. 
 
Aquifer 
Area, A 
(sq km) 
Abstraction Rate, 
C (mm/year) 
Recharge, R 
(mm/year) 
Baseflow, E 
(mm/year) 
GF = (A *C 
/ (R-E)) 
GF/A 
(sq km) 
1 92,641 5.68 15.81 4.72 47449 0.51 
2 256,415 15.86 17.84 6.35 353980 1.38 
3 22,075 9.09 135.00 8.66 1588 0.07 
4 32,144 24.20 188.91 6.19 4257 0.13 
5 68,563 16.49 66.02 34.62 36000 0.53 
6 41,662 3.26 99.46 33.77 2065 0.05 
7 43,815 80.51 147.88 52.07 36816 0.84 
8 75,008 65.47 128.95 20.80 45402 0.61 
9 345,119 184.01 138.82 24.07 553437 1.60 
10 103,101 35.71 249.42 29.16 16714 0.16 
11 15,702 5.12 260.29 87.92 466 0.03 
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 Figure 4.5.​ GF/A visual depiction.  
4.4 Integrated Groundwater Footprint 
Figure 4.4 provides a summary for the major regions of concern due to contamination of 
fluoride, nitrate, or salinity. Nitrate contamination is limited to major urban areas, while salinity 
is experienced in large regions of the country. Aquifer 9 experiences contamination from all 
three types, but at a relatively small percentage of total aquifer area. Aquifers 1 and 6 have 
salinity issues throughout nearly the whole aquifer, with aquifer 6 encountering fluoride 
contamination as well.  
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 Figure 4.6. ​Groundwater contamination based on literature review overlayed on aquifer regions.  
Results shown in Table 4.6 provide the iGF (Figure 4.7) and % increase from GF to GF 
for comparison. The total GF of Ethiopia is 1,098,174 square kilometers, as compared to a 
geographical area of 1,096,244 square kilometers. With CFs factored in, the country’s iGF 
becomes 2,014,321 square kilometers or an increase of 45%. This illustrates the significant 
impact that contamination can have on sustainable use of GW. The influence that contamination 
has on GW sustainability  is shown in Aquifer 5, which has a iGF/A over 1 although it’s GF/A is 
significantly under the threshold. Due to fluoride and TDS contamination in the GW,  aquifer 5 
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is unsustainable for use.  Aquifer 2 has an iGF that is 1.6 times as large as the aquifer’s area, 
while aquifer 9 has an iGF 2.1 times its size. Aquifers with contamination experienced an 
average of 50% increase from GF to iGF. The drastic increase in area implies the unsustainable 
nature of using these aquifers due to degradation to the environment and human health.  
Table 4.6.​ Calculation of iGF. 
 
Aquifer 
A 
(sq km) GF GF/A iGF iGF/A 
% increase 
from GF to iGF 
1 92,641 47,449 0.51 80,664 0.87 41.18 
2 256,415 353,980 1.38 665,482 2.60 46.81 
3 22,075 1,588 0.07 1,588 0.07 -- 
4 32,144 4,257 0.13 4,257 0.13 -- 
5 68,563 36,000 0.53 72,000 1.05 50.00 
6 41,662 2,065 0.05 6,195 0.15 66.67 
7 43,815 36,816 0.84 36,816 0.84 -- 
8 75,008 45,402 0.61 45,402 0.61 -- 
9 345,119 553,437 1.60 1,084,736 3.14 48.98 
10 103,101 16,714 0.16 16,714 0.16 -- 
11 15,702 466 0.03 466 0.03 -- 
total 1,096,244 1,098,174 1.00 2,014,321 1.84  
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 Figure 4.7. ​Integrated groundwater footprint.  
 
 
 
 
 
 
 
50 
 
5. Discussions and Limitations  
The GF and iGF values for aquifers in Ethiopia indicate that the systems are in good 
condition, with GF/A < 1. The country’s overall GF/A value is 1.00, while the overall iGF/A is 
1.84. This average is higher due to two aquifers: a) very deep Mesozoic sediment aquifer 
(aquifer system 2) in the Somali and Oromia region, with a GF/A of 1.38 and iGF/A of 2.60 and 
b) deep volcanic aquifer (aquifer system 9) in the Oromia, SNNPR, and Amhara regions with a 
GF/A of 1.60 and iGF/A of 3.14.  Both aquifers are heavily impacted by contamination.  
Gleeson et al. (2012) finds the global groundwater footprint to be about 3.5 times the 
actual area of aquifers. Similar to the findings in this thesis work, a majority (80%) of aquifers 
have a GF/A < 1, indicating that there are a select number of heavily exploited aquifers driving 
up the net global value. The global study focused on major groundwater basins, none of which 
fell within Ethiopia. However, within the basins located in Africa, a majority had GF/A < 1 
(Figure 5.1). Notable exceptions include a GW basin in Egypt along the Nile river, which has a 
GF/A > 20, a basin in the north crossing Algeria, Tunisia and Libya with a GF/A from 1 - 5, and 
a GW basin located in South Africa with a GF/A from 5 - 10. These findings align with the 
values found for Ethiopia, where a majority of aquifers have GF/A <1 with a small number of 
exceptions.  
There are few studies on GF and iGF values for comparison. The introduction of the iGF 
in Kourgialas et al. (2018) evaluated the iGF for the island of Crete. Of the eleven GW systems 
evaluated, two aquifers had GF/A values exceeding 1. Contamination due to chlorine, nitrate, 
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and sulfate, resulted in three aquifers having iGF/A over 1. A similar pattern is found in our 
study.  
 
Figure 5.1. ​Global groundwater footprint, taken from Gleeson et al. (2012).  
The process of determining the GF and iGF contains notable limitations. Recharge rate 
and abstraction rates are approximated with levels of uncertainty due to a lack of accurate data. 
In particular, recharge rate was determined with the following assumptions: a) the baseflow 
separation method is a valid approach to determining recharge in this region b) groundwater 
table depth is shallow, so topsoil is used to approximate geological permeability.  
The challenge in determining accurate GW data is echoed in countries with more extensive data 
collection mechanisms. Gleeson and Wada (2013) evaluated the GF for India and the U.S., two 
countries with the highest national GW abstraction rates. They found significant uncertainty 
between different approximations of recharge and abstraction rates. In particular, different data 
sets for recharge introduced significant differences in the GF. Another limitation of this study is 
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the generalization of aquifer systems to the national level. There are many subsystems within the 
eleven aquifers presented in our study that are likely to interact in complex ways not captured by 
a national study. Local governments need to conduct small-scale studies focused on the region of 
interest to make the most informed decisions on GW management.  
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6. Conclusions and Recommendations  
The work presented in this study contributes to a small but growing body of literature on 
Ethiopia’s GW systems. The study draws upon extensive literature review and data from the VIC 
model to estimate recharge rate, abstraction rate, baseflow, and major sources of contamination 
throughout the country. The GF and iGF are used to present visual representations of the area 
required for sustainable use of GW. As expected, the majority of aquifer systems in Ethiopia are 
unstressed, implying that there is a higher potential for using GW for agricultural needs.  This 
information is useful for governments looking to understand the benefits and challenges to 
developing GW-reliant infrastructure. Accounting for quality characteristics of these aquifers 
creates a more holistic picture of the environmental and health-related implications of GW 
extraction. Countries with a similar level of development, climate and geological characteristics 
may use these findings to draw parallels in GW management techniques.  
The GF has many possible applications. It may be used to evaluate the potential of 
achieving increased agricultural yields with GW irrigation, or to identify types of crops that 
would succeed in an area based on water needs (Kourgialas et al. 2018). The iGF can direct 
officials to aquifers in need of remediation efforts, or influence the transfer of water from 
aquifers with low iGF to aquifers with higher iGF. This can alleviate a country’s overall stress on 
it’s GW system and utilize the aquifers that can be used most sustainably.  
Suggested future works include comparative evaluations of multiple recharge and 
abstraction rate datasets for Ethiopia, to determine more certainty in iGF estimations. More 
information pertaining to crops and agricultural practices in Ethiopia can be used in conjunction 
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with the iGF to optimize crop yields. The iGF may also be used to determine areas in Ethiopia 
with high potential in using GW for irrigation. 
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